Identification of bacteria using the rRNA operon
Medical microbiology is extremely reliant on the culture of bacteria from clinical specimens and their subsequent identification by biochemical and phenotypic characteristics for the diagnosis of disease. Following determination of the structure of DNA by Watson & Crick (1953) , studies in bacteriology have seen a major shift from functional to molecular techniques for identifying bacteria (Towner & Cockayne, 1993) . This review will deal with the 16s-23s spacer region of the rRNA operon ( Fig. 1 ) and its use in the identification of micro-organisms at the species and strain (typing) levels.
The rRNA genes are essential for the survival of all organisms and are highly conserved in the bacterial and other kingdoms. Consequently, characterization of the 16s rRNA gene is now well-established as a standard method for the identification of species, genera and families of bacteria (Amann et al., 1995; Woese, 1987) . This is reflected in the large body of information that has been accumulated on the phylogenetic analysis of microorganisms using this gene (Olsen etal., 1991) . In contrast, relatively few 23s gene sequences have been reported, and neither this gene nor the 5 s gene have been widely used for phylogenetic purposes. Sequence information has also become available on the 16s-23s spacer region and suggests that considerable variation can occur between species in both the length and the sequence of this region. The fact that many bacteria have multiple copies (alleles) per genome of the rRNA operon therefore raises the possibility that spacer variations between strains, species and genera may be used for identification and typing purposes. Systematic studies of spacer region variation would require amplification of the regions by PCR (Mullis & Faloona, 1987) and hence the availability of conserved regions in the flanking 16s and 23s rRNA genes to serve in primer recognition. A variety of primers have already been used for such studies (see Table 3 ), but the appropriateness of the choices, particularly for those based on the 23s rRNA gene, has been limited by the paucity of sequenced genes. One purpose of this review is to take account of increased knowledge of such sequences to better identify conserved regions that may be used for spacer amplification; the second is to evaluate the potential use of spacer region variation as a rapid approach for bacterial typing and identification.
Conserved regions in the 165 and 235 rRNA genes flanking the 16s-23s rDNA spacer region
The rRNA operon is transcribed into one pre-rRNA transcript that contains the following components in the order (5' to 3'): 16S, spacer, tRNA, spacer, 23S, spacer and 5 s rRNA sequences (Watson e t al., 1987; Fig. 1) . Transcription of the operon results in the formation of a pre-rRNA transcript that is cleaved into separate rRNA and tRNA molecules. In the remaining discussion, therefore, reference to rDNA will include both the gene and the intergenic sequences, whereas reference to tRNA or rRNA will specifically exclude the spacer sequences. Any studies directed towards the PCR-mediated amplification of all of the copies of the 16s-23s rDNA spacer regions of one or more bacteria are totally dependent on the occurrence of suitable, highly conserved, regions in the flanking termini of the 16s and 23s rRNA genes. Such regions can only be reliably identified if a sufficient body of sequence information is available for these rRNA genes. This is the case for the 16s rRNA gene as fulllength sequences for this gene have been reported for about 2500 different bacterial species (Ribosomal RNA Database Project; Olsen e t al., 1991) . These genes are similar in length (about 1.5 kb) throughout the bacterial kingdom and contain highly conserved regions as well as others that vary according to species and family ; they also yield RNA products with a similar secondary structure (Neefs e t al., 1990; Woese, 1987) . Fig. 1 shows the location of sequences within the conserved regions at each end of the 16s rRNA gene that are suitable for amplification of the adjacent DNAs ; of sequences 2 , 3 and 4 that could be used to amplify the spacer DNA, region 2 is the , 8-27; 2, 1390 -1407 3, 1491 -1506 4, 1525 4, -1541 6, 115-132; 7, 188-208; 8, 422-437; 9, 441-460; 10, 456-474 . The sequences (5'-3') of regions 1-4 are AGAGTFGATCCTGGCTCAG, llGTACACACCGCCCGTC, AAGTCGTAACAAGGTA and GGCTTGGATCACCTCClT, respectively.
most highly conserved sequence that is present in eubacteria, archaea and eukaryotes (Lane e t al., 1985) , while regions 3 and 4 are present in most or many eubacteria, respectively (Weisburg et al., 1991) . The number of full-length 23s rRNA gene sequences now known is far fewer than for the 16s rRNA gene and is due, in part, to the larger size of the 23s rRNA gene (about 3 kb). The relative paucity of 23s rRNA gene sequences means that phylogenetic analyses based on this gene remain incomplete (Ludwig et al., 1992) . However, the analysis of full-length sequences from 21 species that represent 18 genera, reveals six conserved regions within the first 520 bp of the gene (Fig. 1 ). Overall sequence conservation is important in deciding which region is most likely to be successful for primer construction. However, sequence conservation at the start of regions 5-10 is more important because mismatches at this end may result in the failure of Taq polymerase to bind (see below). Using these criteria, region 10 (nt 456-474) is the most highly conserved, with sequence identity in 14 of the species and variations at only one nucleotide location in six of the seven remaining species (Table 1) . Next, in order of identity, are regions 6,9, 8 , 7 and 5. At least from a theoretical standpoint, these observations suggest that amplification of all of the 16s-23s rDNA spacer regions from a strain is most likely to be successful using region 2 of the 16s rRNA gene and region 10 of the 23s rRNA gene for primer construction.
Characterization of 16s-235 rDNA spacer sequences 765-235 rDNA copy number and length
Southern hybridization studies between 16s rDNA sequences and genomic DNA digested with restriction enzymes that cut relatively infrequently (e.g. Hind111 or EcoRI), have shown that several bands may hybridize to the probe and, moreover, that the number of these often corresponds to the number of rRNA operons (or rrn alleles) in the genome [seven copies in E. coli (Morgan e t al., 1977) , 10 in Bacillus szlbtilis (Loughney et al., 1982) , ten in
Clostridizlm perfringens (Garnier e t al., 1991) , one in Mycobacterizlm sp. (Bercovier e t al., 1986) , and one to two in Mycoplasma sp. (Amikam e t al., 1984) ]. Such bands range in size from approximately 0.5 to 20 kb, suggesting differences both in the locations of restriction sites within the operons and in the DNA that flanks them. Among the intra-operon differences that could lead to fragmentlength variation are differences in the lengths (and hence in the cut sites) of the 16s-23s spacer DNAs. This specific source of variation has been shown to occur in strains of Clostridizlm dzflcile (Gurtler, 1993) . Additional studies that have provided information on the variable length of the 16s-23s rDNA spacer regions, and which are based on D N A cloning and sequencing, are listed in Table 2 
Gram-positive
The positions of the conserved sequence regions 5-10 are shown in Fig. 1 . The numbering of the nucleotides is based on the sequence of the E. coli 23s rRNA gene (Brosius et al., 1980 Table 2 , column 4). Most of the spacers in Grampresent at all, and this is also the case for 10 of the 11 negative bacteria contain both a tRNA"'" and tRNAile species of Mycobacterailm, Mycoplasma and archaea. These gene, but others (Aeromonas h_ydrophila and H. infltlenxae) various findings show considerable heterogeneity in the contain only a tRNAglU gene. By contrast, the spacers of number, length and composition of the 16s-23s rDNA
1;
Gram-ositive bacteria contain either a tRNA"'" or a spacer regions of a small but diverse range of eubacteria tRNA gene or both of these. However the majority of and some archaea. Similar heterogeneity would be the Gram-positive species (15/19) have no tRNA genes expected to extend to other species and, where it occurs, Loughney et al. (1982) s Campbell e t al. (1993 ) Campbell et al. (1993 ) Campbell et a/. (1993 rDNA spacer region typing of bacteria to provide a basis for identification and typing of the organisms see below).
165-23s rDNA spacer sequence alignment
To determine the extent of sequence similarity between the 16s-23s rDNA spacer regions of various bacteria, the sequence alignment shown in Fig. 2 was constructed from the DNA database using 33 spacer sequences from 13 of the species listed in Table 2 . The criterion used to select these species was the availability of the corresponding 23s rDNA sequences since these served as the reference points for the alignment process. limited scope of the analysis and the occurrence of gaps in the DNA alignments due to the variable length of the spacers and the relative positions of the tRNA genes, it is evident that no highly conserved regions are present. The greatest homology that does occur is in the region of the tRNA genes (from positions 221 to 298, 302 to 379 and 364 to 440), but, as noted earlier, these genes are not present in all species nor in all of the rRNA operons of a single strain. Using the DNASIS (Pharmacia) program, the only homology that was detected outside the tRNA regions was a sequence of 19 bp that was common to both S. aztrew and Enterococcxr hirae. It is possible that homology searches based on very short regions (20 bp or less) might uncover inter-species homologies additional to those shown in Fig. 2 ; such regions would need to be avoided when designing species-specific primers or, alternatively, could be of great use in the design of genera-specific primers. The findings of this alignment analysis are the basis of the contention to be raised in the next section, that bacteria with multiple copies of the rRNA operon can be identified by the variations they display in both the length and the number of the 16s-23s spacer regions.
Typing and identification of bacteria by PCR analysis of 165-235 rDNA spacer regions

Genera I observations
The advent of PCR technology has opened the way for the rapid and more complete analysis of multiple-copy 16s-23s rDNA spacer regions and undoubtedly will be used in the future for detailed study and sequence determinations of these regions. However, PCR technology has also been used in several recent studies as a rapid means of amplifying the spacer regions for the specific purpose of detecting heterogeneity between and within species (Barry e t al., 1991; Kostman e t al., 1995) . Such heterogeneity has been found in terms of both the number and the length of the spacers and raises the possibility that this methodology has broad applicability as a rapid, possibly automatable, general method for bacterial identification and typing. The likely success of this approach can be gauged from a consideration of the studies carried out to date that have used PCR-based amplification of the 16s-23s rDNA spacer regions. These, and some of the associated findings, are listed in Table 3 .
In total, some 27 genera and 44 species of bacteria have been studied and in at least half of these spacer-length variations were detected at the species level (Table 3 , column 4) and also between strains of the same species (Table 3 , column 6); in some cases the strain differences were identified by RFLPs or by single-strand conformation polymorphisms (SSCP) ( Table 3 , column 7).
Moreover, in the five instances where the same species of bacteria have been studied by independent groups of workers, spacer length variations were confirmed for C. dflcile, Bztrk. cepacia and S. aztrezts, but were not found in the Rochalimaea species ; both studies on Acinetobacter sp. found strain differences by RFLP analysis and only limited spacer-length variations between strains. When balanced against the methodological differences used in these studies, particularly with respect to the choice of primers (see below), both the level of detectability of spacer variation and the reproducibility of the finding is very good and suggests the broad applicability of the approach.
Choice of PCR primers and conditions
One issue that is critical for the successful detection of spacer variation is the choice of the PCR primers. As discussed earlier, conserved regions in the 16s rRNA gene can be identified accurately and all four of those shown in Fig. 1 , as well as several that are organismspecific (e.g. for Neisseria or Rochalimaea species) have been used for primer construction in the studies listed in Table 3 ; the most frequently used are regions 2 and 3. Similarly, primers based on regions 5-10 of the less well-* The term allele is interchangeable with the term used in the text (operon).
t?, Total number of rrn operons is not known.
$ Superscripts denote the presence of tRNAg'" (G), tRNA"'" (A) and tRNA"' (I) genes; ?, unknown.
$Of the seven operons in E. coli, two (which contain tRNA"' and tRNA"'") have not had their 16s-23s spacer sequences determined (Morgan et a/., 1977) . , 1995) . The reason for this may be the considerable species variation that occurs in sequences at the start of region 5 (Fig. 1) . The complement of these sequences forms the 3' end of the primer sequences and hence is the region at which Tag polymerase binds to commence amplification in the PCR procedure. Mismatches in this region could therefore decrease the efficiency of priming, or abolish priming altogether, resulting either in failure to detect spacer variation or detection of only some of the spacers that are present. Pertinent to the latter outcome are our findings of significant variability in region 5 of the S. atlretls rRNA operons and the likelihood that not all operons would be detected by a region 5 primer (Giirtler & Barrie, 1995) . In contrast, primers based on regions 7 and 10 of the 23s rRNA gene have been used successfully with various 16s-primers to detect strain differences soleb on the basis of spacer-length variation [e.g. 2, 7 (Kostman et al., 1995) and 2, 10 (Gurtler, 1993)]. These 23s-primers are therefore the ones recommended as the most likely to detect all copies of the spacer region (ranging from two to ten copies) and hence to detect spacer variation should it be present. A primer to regions 6, 8 and 9 should also be appropriate given the level of sequence conservation of the region (Table l) , but these have not been successsful in detecting spacer variation in the instances in which they have been used (e.g. Leys et al., 1994; Matar e t al., 1993; Nour e t al., 1994) .
Finally several technical considerations are noteworthy.
First, in several of the studies listed in Table 3 only a single PCR product was obtained so that species-specific differences were usually detected by digestion of the PCR product by a restriction endonuclease prior to electrophoresis (Liveris e t al., 1995; Matar et al., 1993; McLaughlin et al., 1993 , 1993) , and the possibility of anomalous hybridization during the reaction , need to be noted. In the latter case, this can be overcome by the use of denaturing PAGE and it is noteworthy that good separation of bands was achieved in the only two studies in which this technique was used (Gurtler, 1993; Gurtler & Barrie, 1995) .
Bacteria with one or two copies of the rRNA operon
Certain bacteria and archaea have only one or two rRNA operons per genome (Table 2) , making it unlikely that spacer length and number variation could be used as a general method of strain differentiation. In fact, no such variation has been seen among strains of Mycobacteriztm or Mycoplasma that fall into this category. However, some variation has been detected at the species level. In the case of Mycoplasma, a two-step PCR protocol was used to detected the spacer-length variation, followed by nucleotide sequencing to locate the differences (Nakagawa et al., 1992 ; Uemori e t al., 1992) . Direct nucleotide sequencing was also used by van der Giessen e t al. (1994) 
Summary and future perspectives
The focus of this review has been the proposal that a rapid and universal bacterial identification and typing scheme is possible based on amplification of the variable length 16s-23s rDNA spacer regions. This is based on the observation that many bacteria carry multiple rRNA operons (Table 2) and that considerable length and sequence heterogeneity is apparent when the 16s-23s rDNA spacer sequences of such strains are aligned (Fig.  2) . We suggest that region 2 of the 16s rRNA gene (nt 1390-1407) and region 10 of the 23s rRNA gene (nt 456-474) are the regions of choice for the construction of primers, the former because of its proximity to the spacer region and the latter because of the high level of sequence conservation among the species analysed ( Fig. 1 and Table 1 ). Thus far, these primers have been used successfully to discriminate between clinical strains of C.
dficile and of S. aztretls (Table 3) . Other primer combinations are also possible, that of regions 2 and 7 being noteworthy in respect to use by various workers and success in detecting spacer variation in the species studied (Table 3) . By contrast, primer combinations involving region 5 of the 23s rRNA gene (nt 21-38) are not recommended since the sequence conservation of this region is relatively poor ( Table 1) and only limited success has been found in strain discrimination (Table 3 ).
In the clinical situation, rapid and cost-effective identification of strains is an imperative. Up until now, the methods used for the phylogenetic analysis of bacteria based on the 16s rRNA gene invariably involve the V. GcIRTLER a n d V. A. S T A N I S I C H DNA sequences that commenced a t region 2 of the 165 rRNA gene, proceeded through the 165-235 rDNA spacer region, and ended a t region 10 of the 235 rRNA gene (see Fig. 1 ). Alignment across the 165 and 235 rRNA sequences was very good (sequences not shown), but gaps were present within the spacer region. Some of these gaps were manually removed (Maddison & Maddison, 1992) so that regions with the greatest homology (the tRNA genes) were aliqned. The sequences in lower-case letters correwond to tRNAiIe (220-4401, tRNAg'" (300-378) and tRNAaIa (364-439). The short (17 bp) sequence in lower-case letters (52-68) highlights sequence-homology between-S. aureus and Ent. hirae which is not a tRNA sequence. When a region not shown in Fig. 1 has been chosen, it has been on the basis that the region is specific to the organism being sought. Leys et al. (1994) Uemori et af. (1992) ( 1 994) NA, Not applicable to this study.
* The primers used were constructed from the regions numbered 1-10 in Fig. 1 . In some cases the primers were either longer or shorter than the regions described in Table 1 : refer to the respective references to obtain the exact sequences used. $ The 23s primer used was only 'quasi-conserved', the sequence of which is located near the spacer and does not match any of regions 5-10.
1) The Comamonadaceae are comprised of the following genera : Comamonas, Xylopbilus, Hydrogenophaga, Aquaspirilfum and Acidovorax. This study primarily showed genus and species differences with limited sub-species differentiation.
9 Partial only. ** The sequence of the forward primer was at the beginning of the 16s rRNA gene and the reverse primer was within the 5 s rRNA gene (located after the 23s rRNA gene). Variable length 16s-23s spacer regions (?) were inferred from RFLPs. $5 1464-1484 (coordinates based on the aligned 16s rRNA gene of Bartonelfa quintana with E. coli). 11 11 Single PCR products were obtained for ten Clostridium species (and six other eubacteria) and 16s-23s spacer D N A sequences were reported for C. perfringens, C. pastetlrianum and C. dficife.
99
The 23s primer sequence used was different at three nucleotide positions to the sequence shown in Table 1 . *** B. burgdorjeri has only one 16s rRNA gene and two 23s rRNA genes arranged in tandem.
ttt Different types may be subspecies.
$$$ This study used SSCP analysis in a nested PCR reaction using primers specific to M. feprae rRNA genes demonstrating strain-specific sequence differences. § § §The 16s-23s spacer region amplicon was subjected to a further round of randomly amplified polymorphic D N A PCR to produce variations between strains.
11 11 I( Primers specific to Mycopfasma species were used in a nested PCR to obtain a single band which varied in size between species.
sequence determination of PCR products; this is both costly and time consuming. The alternative favoured here, that of bacterial typing based on spacer-length variation is rapid, possibly automatable, and cost-effective. Reliable identification and typing of strains will be greatest in species with multiple rRNA operons (at least three or four) and in those in which the full genomic complement of spacer regions can be amplified. The pattern of products obtained can then be matched to a database of band patterns from standard strains representing the various species listed in the Approved Lists of Bacterial Names. To date, the 16s-23s spacer length and sequence database is far from complete, but increasing interest in this area, as shown by Table 3 , is sure to redress this deficiency.
